r Repolarizing currents through K + channels are essential for proper sinoatrial node (SAN) pacemaking, but the influence of intracellular Ca 2+ on repolarization in the SAN is uncertain. r SK channels are a potential pharmacological target for modulating SAN rate or treating SAN dysfunction, particularly under conditions characterized by abnormal increases in diastolic Ca 2+ .
+ channels are essential for proper sinoatrial node (SAN) pacemaking, but the influence of intracellular Ca 2+ on repolarization in the SAN is uncertain.
r We identified all three isoforms of Ca 2+ -activated small conductance K + (SK) channels in the murine SAN.
r SK channel blockade slows repolarization and subsequent depolarization of SAN cells. r In the atrial-specific Na + /Ca 2+ exchanger (NCX) knockout mouse, cellular Ca 2+ accumulation during spontaneous SAN pacemaker activity produces intermittent hyperactivation of SK channels, leading to arrhythmic pauses alternating with bursts of pacing.
r These findings suggest that Ca 2+ -sensitive SK channels can translate changes in cellular Ca 2+ into a repolarizing current capable of modulating pacemaking.
r SK channels are a potential pharmacological target for modulating SAN rate or treating SAN dysfunction, particularly under conditions characterized by abnormal increases in diastolic Ca 2+ .
Abstract Small conductance K + (SK) channels have been implicated as modulators of spontaneous depolarization and electrical conduction that may be involved in cardiac arrhythmia. However, neither their presence nor their contribution to sinoatrial node (SAN) pacemaker activity has been investigated. Using quantitative PCR (q-PCR), immunostaining and patch clamp recordings of membrane current and voltage, we identified all three SK isoforms (SK1, SK2 and SK3) in mouse SAN. Inhibition of SK channels with the specific blocker apamin prolonged action potentials (APs) in isolated SAN cells. Apamin also slowed diastolic depolarization and reduced pacemaker rate in isolated SAN cells and intact tissue. We investigated whether the Ca 2+ -sensitive nature of SK channels could explain arrhythmic SAN pacemaker activity in the atrial-specific Na + /Ca 2+ exchange (NCX) knockout (KO) mouse, a model of cellular Ca 2+ overload. SAN cells isolated from the NCX KO exhibited higher SK current than wildtype (WT) and apamin prolonged their APs. SK blockade partially suppressed the arrhythmic burst pacing pattern of intact NCX KO SAN tissue. We conclude that SK channels have demonstrable effects on SAN pacemaking in the mouse. Their Ca 2+ -dependent activation translates changes in cellular Ca 2+ into a repolarizing current capable of modulating regular pacemaking. This Ca 2+ dependence also promotes abnormal automaticity when these channels are hyperactivated by elevated Ca 2+ . We propose SK channels as a potential target for modulating SAN rate, and for treating patients affected by SAN dysfunction, particularly in the setting of Ca 2+ overload.
Introduction
Arrhythmias related to sinoatrial node (SAN) dysfunction are a major source of morbidity and mortality (Semelka et al., 2013) . Currently, the only available treatment for SAN dysfunction is implantation of an electronic pacemaker. Over 200,000 pacemaker implantations per year in the US are necessitated by SAN dysfunction, generating an enormous burden on healthcare costs (Groenke et al. 2013) . SAN dysfunction is a progressive disease and can lead to atrial fibrillation (Semelka et al. 2013) . Therefore, a better understanding of the mechanisms underlying SAN activity could help to produce new treatments to avoid development of SAN dysfunction, atrial fibrillation and implantation of electronic pacemakers. SAN pacemaker activity is generated by the activation of several sarcolemmal ion channels, constituting the membrane clock, and by release of sarcoplasmic reticular (SR) Ca 2+ , which engages the Ca 2+ clock by producing a depolarizing current through Na + /Ca 2+ exchange (NCX) (Torrente et al. 2015) . The coordinated activity of the membrane and Ca 2+ clocks initiates spontaneous rhythmic depolarization of SAN pacemaker cells (Lakatta et al. 2010) . Although previous studies have mostly focused on the mechanisms underlying SAN depolarization, the repolarization phase is also essential for sustaining normal pacemaking. Several K + currents (I K ) have been implicated in pacemaking (Mangoni & Nargeot, 2008) . However, only a few K + channels can translate fluctuations of diastolic Ca 2+ into a repolarizing I K . These channels belong to the Ca 2+ -activated K + channel family, subdivided into big, intermediate and small conductance K + channels (Guéguinou et al. 2014) . With the exception of human embryonic stem cells (hESCs) (Weisbrod et al. 2013) , intermediate conductance K + (IK, i.e. SK4) channels have not been reported in excitable systems (Guéguinou et al. 2014) . However, big and small conductance K + channels (BK and SK, respectively) have been found in neurons and chromaffin cells (Vandael et al. 2012; Guéguinou et al. 2014) , where they regulate after-hyperpolarization (Rønnekleiv et al. 2010) and consequent spike adaptation (Engel et al. 1999) . Although BK channels are known to be involved in SAN automaticity (Lai et al. 2014) , their activity is predominantly voltage-dependent with Ca 2+ working mainly as an enhancer (Guéguinou et al. 2014) . SK channels are instead voltage-independent but highly sensitive to Ca 2+ , thanks in part to their association with calmodulin (CaM) (Guéguinou et al. 2014) . Thus, SK channels possess the necessary characteristics to directly translate the cyclical increases of intracellular Ca 2+ in SAN cells into repolarizing current, which could be important for determining the characteristics of the following diastolic depolarization. For this reason, we hypothesized that SK channels could be involved in normal SAN activity as well as in the abnormal pacemaking we have reported in the atrial-specific NCX knockout (KO) mouse model. These mice have SAN dysfunction caused in part by periodic diastolic Ca 2+ accumulation, which results in alternation between spontaneous bursts of action potentials (APs) and quiescent periods (pauses) (Torrente et al. 2015) . In the knockout SAN where NCX is completely absent, diastolic Ca 2+ rises 41% more than it does in the wildtype (WT) when the external pacing rate is increased from 6 to 20 Hz (Torrente et al. 2015) . Consistent with a pathological mechanism dependent upon Ca 2+ accumulation, Ca 2+ buffering with BAPTA-AM reduced the occurrence of pauses and normalized the spontaneous rhythm of KO SANs. Conversely, increasing intracellular Ca 2+ with the L-type Ca 2+ channel (LTCC) agonist BayK 8644 (BayK) aggravated the already abnormal NCX KO SAN rhythm. KO SANs also showed gradual slowdown of their instantaneous frequency during the spontaneous bursts (Torrente et al. 2015) . This particular pattern has been termed 'spike adaptation' in neurons (Del Negro et al. 1998; Engel et al. 1999 ) and chromaffin cells (Vandael et al. 2012) , where it has been attributed to Ca 2+ modulation of LTCCs and SKs (Grace & Bunney, 1984; Torrente et al. 2015) . Therefore, given the diastolic Ca 2+ accumulation observed in NCX KO SANs (Torrente et al. 2015) , we hypothesized that SK channels could become hyper activated during SAN burst activity, conducting an outward current opposing normal cell depolarization, leading to spike adaptation and subsequent generation of SAN pauses.
SK isoforms (SK1, SK2 and SK3) have been distinguished by their sensitivity to the specific inhibitor apamin, which is extracted from bee venom. Apamin has no effect on BK or IK channels (SK4) (Xu et al. 2003) . All three SK isoforms have been reported in the murine heart, particularly in the atria (Lu et al. 2007; Tuteja et al. 2010) and atrioventricular node (AVN) (Zhang et al. 2008 ). An apamin-sensitive current has also been recorded in rabbit pulmonary vein (PV) and SAN cells, but positive SK identification has not been made . Since global ablation of SK2 channels in mice resulted in abnormal heart rate (Zhang et al. 2008; Li et al. 2009) , it has been suggested that SK channels could play a role in SAN automaticity (Zhang et al. 2008; Chen et al. 2013) . Nevertheless, neither the physical presence of SK channels nor their role in SAN pacemaker activity have ever been investigated. In this study, we have demonstrated by quantitative PCR (qPCR), immunostaining and patch clamp recordings of current that these channels are expressed in mouse SAN. We also demonstrate that SK channels modulate pacemaker activity in normal murine SAN and account for the pro-arrhythmic burst firing pattern caused by elevated diastolic Ca 2+ in the atrial-specific NCX KO SAN model. These findings have important pathophysiological relevance since bursting patterns and diastolic Ca 2+ accumulation have been implicated in the pathogenesis of several atrial arrhythmias (Ozgen et al. 2007; Wakili et al. 2011) . In particular, Ca 2+ overload seems to induce SAN dysfunction in catecholaminergic polymorphic ventricular tachycardia (CPVT) patients (Neco et al. 2012) , ankyrin-B loss-of-function families (Le Scouarnec et al. 2008) , heart failure, ischaemia, diabetes and digitalis intoxication (Gonzalez & Vassalle, 1993) . Classical SAN dysfunction (e.g. tachy-brady syndrome) is idiopathic and often characterized by fibrosis (Semelka et al. 2013) , which could arise from the activation of apoptotic pathways by abnormal diastolic Ca 2+ levels (Glukhov et al. 2015) . Abnormal SK channel activity has also been associated with several atrial (Li et al. 2009; Mahida, 2014) and ventricular (Gui et al. 2013; Lee et al. 2013) arrhythmias. Therefore, understanding the involvement of SK channels in pacemaker activity could lead to the development of new therapies to treat SAN dysfunction and other cardiac arrhythmias.
Methods

Ethical approval
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All mouse experiments were approved by the Institutional Animal Care and Use Committee at Cedars-Sinai Medical Centre (IACUC no. 003574). We placed the mice in a bell jar and they were killed via deep anaesthesia with isoflurane before heart removal.
Generation of atrial-specific NCX KO mice
We created an atrial-specific NCX KO mouse using Cre/loxP technology as previously described (Groenke et al. 2013) . NCX KO and NCX floxed littermates (referred to as WT throughout) used in this study were in the same male/female ratio and between 10 and 16 weeks of age.
Intact SAN/atrial preparation
We removed hearts via thoracotomy from heparinized (300 U I.P.) NCX KO or WT mice anaesthetized with isoflurane (Groenke et al. 2013) . We then separated the atria from the ventricles leaving the SAN intact. The entire SAN/atrial tissue explant was placed in heparinized (10 U ml −1 ) modified Tyrode's solution heated to 36°C. The Tyrode's solution contained (in mmol l −1 ): 140 NaCl, 5.4 KCl, 5 Hepes, 5.5 glucose, 1 MgCl 2 , 1.8 CaCl 2 ; pH adjusted to 7.4 with NaOH, and served as the control solution for all experiments. We used a stereomicroscope (SZX16; Olympus, Tokyo, Japan) with low magnification (7×) to transilluminate and visualize directly the entire SAN/atrial preparation. We identified the SAN region using the borders of the superior and inferior vena cava, the crista terminalis and the interatrial septum as landmarks (Neco et al. 2012) . The SAN preparation including right atrium (RA) and left atrium (LA) was pinned to the bottom of an optical chamber (Fluorodish, FD35PDL-100; WPI, Sarasota, FL, USA) coated with an ß2 mm layer of clear Sylgard (Sylgard 184 Silicone elastomer kit; Dow Corning; Midland, MI, USA). To maintain the SAN in a flat plane, we pinned the atrial preparation as shown in Fig. 5A below. To avoid any interference from secondary pacemaker tissue we removed the AV node from the preparation.
Isolation of mouse SAN cells
The SAN/atrial preparation described above, was cut along the crista terminalis and the interatrial septum in a pre-warmed (36°C) with KOH). Single cells were isolated from the SAN tissue by manual agitation in KB solution at 36°C for 1-2 min.
To recover the automaticity of the SAN cells we restored the physiological concentration of extracellular Ca 2+ by adding to an initial volume of 2.5 ml of KB solution, 235 μl of a solution containing (in μmol l −1 ): 10 NaCl, 1.8 CaCl 2 and 6 ml Tyrode's solution containing BSA (1 mg ml −1 ) as described previously (Torrente et al. 2015) .
RNA preparation and qPCR
Atrial and SAN tissues were dissected as described above. We pooled the SAN tissues dissected from four mice, for each genotype, to obtain one mRNA sample. Similarly, we pooled the right and left atria of four mice, for each genotype, to obtain one sample of mRNA. mRNA was isolated and DNase treated using an RNeasy Fibrous Tissue Mini Kit (Qiagen, Germantown, MD, USA). The first-strand cDNA was synthesized from 1 μg of the total RNA using the First Strand Kit (Qiagen). PCRs were then mixed with SYBR Green ROX qPCR Mastermix (Qiagen) and carried out in a 96-well plate using 7900 HT Fast-Time PCR system (Applied Biosystems, Life Technologies Brand, Carlsbad, CA, USA). The gene primer sequences used for SK1, SK2 and SK3 were obtained from Yi et al. (2015) . Data were collected by SDS 2.3 software (Applied Biosystems), and analysed using the threshold cycle (C t ) relative quantification method. The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) reference gene was used for normalizing the data. 2 − Ct corresponds to the ratio of each gene expression versus GAPDH. Two mRNA pools of SAN and atria for both genotypes were tested three times each (n = 6) for SK1 and SK2 expression and twice each (n = 4) for SK3 expression. GAPDH primers were obtained from Integrated DNA Technologies (IDT, Coralville, IO, USA).
Immunostaining of single SAN and atrial cells
We treated eight-well glass slides (C7057; Sigma-Aldrich, St. Louis, MO, USA) overnight with laminin (1 mg ml −1 ; L2020; Sigma-Aldrich) to allow cell attachment. SAN cells isolated as described above were allowed to settle onto the glass surface of the slides for at least 60 min to attach. We then fixed them with 4% paraformaldehyde for 30 min at 4°C. They were washed three times with PBS and then treated with 0.1% Triton X-100 for 10 min. We again washed the cells three times with PBS and then blocked with 2% BSA in PBS for 1 h at 20-22°C. SAN cells were incubated with primary antibody diluted in PBS (BSA 2%) at 4°C overnight. Subsequently, they were washed three times for 5 min with PBS and incubated with the secondary antibody diluted in PBS (BSA 2%) at 20-22°C for 1 h. After this step we washed them three times for 5 min with PBS and then mounted the slide with coverslip glass and one drop of Prolong Gold Antifade Mountant with DAPI (P36931; Thermo Fisher Scientific, Waltham, MA, USA) on each slide. The slides were allowed to dry at 20-22°C 
Figure 1. Expression and localization of SK channels in the SAN
A, qPCR measurements of SK1 (n = 6), SK2 (n = 6) and SK3 (n = 4) mRNA expression in tissue preparations of SAN dissected from WT and NCX KO mice. The results have been normalized to the expression of the housekeeper gene GAPDH in the same preparations. * P < 0.05, * * P < 0.01 and * * * P < 0.001, and # P < 0.05, ## P < 0.01 and ### P < 0.001 by two-way ANOVA, with Sidak's and Tukey's post-test. B, immunostaining of single SAN cells from WT and NCX KO tissues with antibodies against SK1, SK2, SK3 and α-actinin2. [Colour figure can be viewed at wileyonlinelibrary.com] Role of small conductance K + channels in sinus node activity 3851
and then sealed with nail polish overnight. For primary antibodies we used the following dilutions: 1:200 rabbit anti-KCa2.1 (SK1; APC-039; Alomone, Jerusalem, Israel), 1:200 rabbit anti-KCa2.2 (SK2; APC-028; Alomone), 1:200 rabbit anti-KCa2.3 (SK3; APC-025; Alomone) and 1:350 mouse anti-α-actinin2 (Sarcomeric; A7811-100UL; Sigma-Aldrich). For secondary antibodies we used the following dilutions: 1:400 goat anti-rabbit Alexa 488 (ab150077; Abcam, Cambridge, MA, USA) and 1:400 goat anti-mouse Alexa 568 (ab175701; Abcam). The same procedure was used to stain single atrial cells. To isolate atrial cardiomyocytes we enzymatically digested the atria by Langendorff superfusion, using our previously described protocol (Pott et al. 2007b) . We obtained the immunostaining images of single SAN and atrial cells using the xyt mode (2D) of a Leica TCS-SP5-II (Leica Microsystems, Wetzlar, Germany).
Immunostaining of SAN/atrial preparation
The SAN/atrial tissue preparation described above was fixed in 4% paraformaldehyde for 15 min at 20-22°C and then washed three times with PBS. Subsequently, we ran the tissue through sequential sucrose gradients (10, 20 and 30% in PBS). For each of these steps, the tissue was immersed in the sucrose gradient for at least 2 h on a rotating platform at 4°C. We then embedded the SAN/atrial preparation, maintaining it as flat as possible, in the centre of optimum cutting temperature (O.C.T.; Tissue-Tek, Torrance, CA, USA) solution. The plastic container enclosing the O.C.T. solution and the tissue sample was immersed in a small basket containing 2-methylbutane (Isopentane, ReagentPlus R , M32631-4L; Sigma-Aldrich) and small pieces of dry ice, in order to quickly freeze the SAN/atrial preparation. The frozen O.C.T. block was stored at −80°C. Subsequently, we prepared 10 μm slices using the orientation shown in Fig. 5A to include in the same specimen the SAN as well as both atria. The slides were stored at −80°C. To immunostain the tissue slides we followed the same protocol described for single cells, beginning with a further fixation of the slides with 4% paraformaldehyde for 30 min at 4°C. In addition, we used the primary rabbit anti-Connexin-43 (C6219; Sigma-Aldrich). We obtained the immunostaining images of the entire SAN/atrial preparation using a high precision microscope scanner (Leica Aperio ScaScope AT turbo; Leica Microsystems).
Electrophysiological recording of SK current in SAN cells
To record SK (apamin-sensitive) current in SAN cells, we used aliquots of the SAN cell suspension as described previously (Groenke et al. 2013; Kapoor et al. 2015; Torrente et al. 2015) . Briefly, we harvested aliquots of the cell suspension in custom-made recording chambers 
. Expression and localization of SK channels in the atria
A, qPCR measuring the expression of SK1 (n = 6), SK2 (n = 6) and SK3 (n = 4) in atrial tissue preparations dissected from WT and NCX KO mice. The results have been normalized to the expression of the housekeeper gene GAPDH in the same preparation pools. * * P < 0.01 and * * * P < 0. (adjusted to pH 7.25 with KOH). Electrodes had a resistance of about 2 M . Seal resistances were in the range 1-6 G . We performed data acquisition using pClamp software (ver. 10; Axon Instruments, Union City, CA, USA). The total and apamin-sensitive membrane currents were measured using 500 ms voltage steps from a holding potential of −55 mV to a range of test potentials from −100 to +50 mV. After eliciting the global I K we superfused with Tyrode's containing apamin (10 nmol l −1 ) and subtracted the remaining current from the previously measured I K to obtain the apamin-sensitive current.
Electrophysiological recording of pacemaker activity in SAN cells
APs were recorded in SAN cells using the same setup described above with the amphotericin perforated patch technique as we have described previously (Goldhaber et al. 2005 (Torrente et al. 2015) . To maintain proper oxygenation of the tissue, a micromagnet agitated the solution during loading. After the loading step we washed the tissue with dye-free Tyrode's solution for 15 min prior to imaging. We used the xyt mode (2D) of a Leica TCS-SP5-II laser scanning confocal microscope (Leica Microsystems) to image intra-and intercellular Ca 2+ dynamics in the SAN region (between the crista terminalis and the interatrial septum). Excitation was at 488 nm using an argon laser and emission was collected at > 505 nm. Two air objectives of 25× and 10× were used (Leica: HCX IRAPO L 25×/0.95 W and N PLAN 10×/0.25, respectively). Scan speeds of 36, 19 and 5 ms per frame were used depending on the pixel resolution. We recorded different traces using a zoom factor between 1.7 and 4 for each tissue sample, resulting in 2D fields ranging from 0.83 to 0.013 mm 2 . We imaged each tissue sample for about 1-3 min in each condition. The fluorescence intensity indicative of Ca 2+ was analysed after subtracting background and normalizing to baseline fluorescence. To maintain the temperature at 34-36°C, we used a temperature-controlled perfusion system (SHM-8; Warner Instruments, Hamden, CT, USA) together with a warming chamber (QE-1; Warner Instruments).
Statistics and data analysis
All data were expressed as mean ± SEM, unless otherwise indicated. A t test (paired or unpaired), and one-way or two-way ANOVA with the appropriate post-tests were used for statistical analysis where required, as indicated in each experiment. Prism 6 (GraphPad Software, La Jolla, CA, USA) was used for all statistical analysis. P < 0.05 was considered statistically significant; NS indicates non-significance.
To analyse the burst-firing pattern of the NCX KO SAN, we defined pauses as we described previously (Torrente et al. 2015) . Quiescent time was calculated as the sum of all the pause intervals recorded during NCX KO SAN spontaneous activity and expressed as seconds of quiescence per minute of recording. To calculate the degree of adaptation, we compared the first and last cycle length (CL) of each burst as previously reported (Torrente et al. 2015) . Burst firing rate was calculated by averaging the rate of every burst in each sample recording (Torrente et al. 2015) .
Reagents
Unless otherwise specified, all chemicals and reagents indicated in the text are from Sigma-Aldrich or Fisher (Fair Lawn, NJ, USA). Apamin (Apa, 1652; 1 mg) and paxilline (Pax, 2006 ; 10 mg) were purchased from Tocris Bioscience (Bristol, UK).
Results
SK expression and immunostaining in mouse SAN
We carefully separated the intact SAN from the atria in WT and atrial-specific NCX KO mice (Groenke et al. 2013) to determine expression of SK channels. Using qPCR we found that all three SK isoforms (SK1, SK2 and SK3) were present in the SAN of both genotypes (Fig. 1A) at a level similar to that detected in atrial samples ( Fig. 2A) .
The mRNA expression levels of the diverse SK isoforms were similar between WT and NCX KO SAN. SK2 showed higher expression than SK3 in the SAN and in the atria of both genotypes ( Fig. 1A and 2A ), similar to a previous study with atrial tissue (Ozgen et al. 2007 ). SK3 expression was significantly increased in NCX KO atria ( Fig. 2A) , which we have shown previously to be enlarged and fibrotic (Groenke et al. 2013; Torrente et al. 2015) .
To confirm the presence of SK channels in the SAN, we immunostained enzymatically isolated SAN cells with antibodies against all three SK isoforms (Fig. 1B) . α-Actinin2 was used as a positive control marker for cardiomyocytes (Lu et al. 2007) (Fig. 1B) . Isolated atrial cells, which are known to express all SK channels (Tuteja et al. 2010) , were used to test the reliability of SK antibodies (Fig. 2B) . Control images without the primary antibodies (Fig. 3) confirmed the specificity of the cell staining. SK localization on the SAN cell plasma membrane was similar to our result with atrial myocytes (Fig. 2B ), and consistent with published results in contractile cardiomyocytes (Lu et al. 2007; Tuteja et al. 2010) . In WT cells, all three SK isoforms appeared to be preferentially distributed along the Z-lines of SAN cells, in close proximity to α-actinin2 Role of small conductance K + channels in sinus node activity 3855
( Fig. 4A and insets of Fig. 1B ). This localization was particularly evident for SK3, while SK1 and SK2 showed a wider distribution (Fig. 4A and insets of Fig. 1B) . In KO cells, SK3 exhibited the same localization to the Z-lines ( Fig. 4B and insets of Fig. 1B ). In contrast, SK1 showed preferential localization in the interspace between α-actinin2 ( Fig. 4B and insets of Fig. 1B) , which should correspond to the M-line (Rigg et al. 2000) . The SK2 signal in KO had a more homogenous distribution, similar to WT (Fig. 4B and insets of Fig. 1B) .
To examine the expression of SK channels within the entire SAN, we prepared cryosections perpendicular to the plane of the whole SAN/atrial preparation (Torrente et al. 2015) (Fig. 5A) . As expected, the SAN region showed low expression of its negative marker, connexin 43 (Cx43) (Liu et al. 2011) compared to the atria (Fig. 5B) . We found instead homogenous immunolocalization of all three isoforms of SK, and α-actinin2, throughout the entire SAN as well as in the atria (Fig. 6 and insets) . Control images without the primary antibodies (Fig. 5C ) confirmed the specificity of the tissue staining.
SK current in NCX KO SAN cells is larger than in WT
To assess the functional relevance of SK channel expression in SAN cells we measured the apamin-sensitive Ca 2+ -activated K + current (I K,Ca ) in WT and NCX KO SAN cells (Fig. 7) . Apamin is a widely recognized specific blocker of SK channels that does not affect other I K,Ca , including BK (Xu et al. 2003) and IK (i.e. SK4) (Weisbrod et al. 2016) . We used an apamin concentration of 10 nmol l −1 , which is known to block ß50% of SK-mediated I K,Ca in mouse atrial myocytes (Xu et al. 2003) . To maintain experimental conditions similar to previous recordings of SK current in other cell types (Xu et al. 2003; Zhang et al. 2008 Zhang et al. , 2014 Li et al. 2009 ), we added 5 mmol l −1 EGTA to the pipette solution, to buffer free intracellular Ca 2+ . Using 500 ms voltage steps from a holding potential of −55 mV to a range of test potentials from −100 to +50 mV, we first elicited the global I K . Then, we superfused apamin and subtracted the remaining current from the previously measured I K to obtain the apamin-sensitive current I K,Ca (Fig. 7A) . The I-V relationship we measured in the SAN was similar to previous reports in atrial and AVN cells (Xu et al. 2003; Zhang et al. 2008 Zhang et al. , 2014 Li et al. 2009 ). Compared to WT, NCX KO SAN cells had larger SK currents ( Fig. 7B and  C) , similar to what has been reported in AVN cells hyperexpressing SK2 (Zhang et al. 2008 ).
Role of SK channels during the generation of SAN APs
Next, we investigated the consequence of SK channel inhibition on spontaneous SAN cell depolarization. In patch clamped enzymatically isolated single SAN myocytes from WT mice, we found that apamin (10 nmol l −1 ) decreased the frequency of spontaneous depolarization by 18 ± 1% (n = 8, * P < 0.05 paired t test; Fig. 8A ), consistent with previous results in rabbits . In WT cells, apamin also caused a small but significant increase in AP duration (APD) at 70% and 90% (APD70 and APD90, respectively; Fig. 8B and C) , at a similar magnitude to what has been reported in AVN tissue (Zhang et al. 2008) . Consistent with their impaired repolarization, these cells showed significant depolarization of the maximal diastolic potential (MDP) in seven out of eight cells (Fig. 8D) , which probaby produced the reduction in the slope of diastolic depolarization (Fig. 8E) , similar to previous results in mouse AVN tissue (Zhang et al. 2008) .
In one extreme case we found that apamin prevented AP triggering altogether and exposed subthreshold diastolic depolarizations (Fig. 9) . We could not perform the identical experiment on isolated NCX KO SAN cells because they lack spontaneous APs, as we have described previously (Groenke et al. 2013) . Therefore, we used current clamp to stimulate SAN cells from WT and NCX KO at a rate (4 Hz) close to the average spontaneous rate reported previously in SAN cells . SK blockade with apamin (10 nmol l −1 ) increased APD70 and APD90 in the stimulated APs of both WT and NCX KO SAN cells (Fig. 10) , as described in stimulated atrial and ventricular myocytes Lee et al. 2013; Qi et al. 2014; Skibsbye et al. 2014) . As we have shown previously, APDs in paced NCX KO SAN cells were much shorter at baseline than those in WT. We have suggested that increased transient outward current (I TO ) (Groenke et al. 2013) could produce the APD shortening observed in NCX KO SAN cells, since we have observed this to be the case in ventricular-specific NCX KO myocytes (Pott et al. 2007a ). Our results here suggest an important role for SK conductance in the APD shortening detected in NCX KO SAN cells (Fig. 8C and D) , in agreement with previous work in AVN cells (Zhang et al. 2008) .
SK channels modulate SAN pacemaker activity during tonic and burst firing
To study how SK channels affect SAN pacemaker activity in intact tissue, we measured SAN rate by recording the Ca 2+ transients generated by the intact SAN, using high speed 2D confocal microscopy. We have demonstrated previously that the synchronized rapid upstroke Ca 2+ transients recorded in this preparation correspond with SAN depolarizations (Torrente et al. 2015) . In response to a range of increasing apamin concentrations (1, 10 and 100 nmol l −1 ) in WT, we found significant decreases in SAN rate ( Fig. 11A and B) , which confirmed our observation in single SAN cells (Fig. 8A) . Although the rate was slower in the presence of apamin, WT SAN tissue maintained regular inter-spike intervals (Fig. 11A) . In contrast, in the intact NCX KO SAN, which is characterized by arrhythmic bursts of pacemaker activity leading to increased diastolic Ca 2+ along with spike adaptation and pauses (Torrente et al. 2015) , apamin did not decrease the average beating rate (Fig. 11C and  D) . Instead, this drug partially restored a regular beating pattern, with fewer pauses and more regular AP inter-spike intervals. To quantify the improvement of the beating pattern in the NCX KO we measured (1) the total time during which the tissue was quiescent (quiescent time) (Torrente et al. 2015) , (2) the average beating frequency during bursts (burst firing rate) (Torrente et al. 2015) and (3) the gradual increase of the inter-spike interval during each burst, indicative of spike adaptation (adaptation degree) (Torrente et al. 2015) . NCX KO SAN tissues (n = 7) treated with apamin (10 nmol l −1 ) to inhibit SK channels showed significant decreases in adaptation degree (Fig. 11E ) and burst firing rate (Fig. 11F) . We also observed decreased quiescent time in six out of seven SANs (Fig. 11G) . These changes are similar to what we obtained previously by buffering intracellular Ca 2+ in the NCX KO SAN with BAPTA-AM (Torrente et al. 2015) . In one NCX KO SAN, SK inhibition by apamin completely transformed the irregular burst firing pattern into regular pacing (Fig. 12) .
BK modulates tonic but not arrhythmic SAN pacemaker activity
The specificity of apamin for SK channels makes it highly unlikely that other I K are responsible for the effects we observed. To further investigate if the anti-arrhythmic effect of SK inhibition in the NCX KO SAN was a general consequence of I K inhibition or could be ascribed specifically to blockade of SK current, we repeated our experiments with the highly selective BK channel blocker paxilline (Lai et al. 2014) . We used two concentrations (3 and 30 μmol l −1 ), based on previous reports of its efficacy at inhibiting pacemaker activity in mice (Lai et al. 2014) . We found that the higher dose (30 μmol l −1 ) of paxilline significantly decreased SAN rate in WT and NCX KO tissues (Fig. 13A and B) , consistent with prior studies (Lai et al. 2014) . The reduction in SAN rate under paxilline was comparable to what we obtained after SK inhibition. However, paxilline (30 μmol l −1 ) treatment of NCX KO SAN tissue did not eliminate the bursting behaviour ( Fig. 13C and D) . Specifically, we found no change in adaptation degree, burst firing rate or quiescent time after paxilline (30 μmol l −1 ; Fig. 13E, F and G) . These results indicate that while BK channels participate in the repolarization of SAN cells, they do not account for the abnormal SAN burst pattern observed in the NCX KO model (Torrente et al. 2015) .
Discussion
SK channels in atrial and ventricular cardiomyocytes can influence AP repolarization (Mahida, 2014) . They have also been implicated in the pathogenesis of cardiac arrhythmias, including atrial fibrillation (AF) (Li et al. 2009; Mahida, 2014) and ventricular tachycardia (Gui et al. 2013) . SK channels may also have a physiological effect on SAN pacemaker rate. For example, rabbit SAN rate slows in response to the SK blocker apamin , and heart rate is decreased in global SK2 KO mice (Zhang et al. 2008) . Nevertheless, to our knowledge the physical presence of SK channels has never been reported in the human SAN or in any other animal model. In this study we show, for the first time, that SK channels are expressed in the murine SAN. We also provide physiological evidence of SK current in isolated SAN myocytes and its influence on spontaneous SAN pacing in single cells and whole tissue. Finally, we took advantage of the atrial-specific NCX KO mouse, with its attendant diastolic Ca 2+ accumulation during burst SAN firing (Torrente et al. 2015) , to investigate if SK hyperactivation in response to SAN automaticity can become a pro-arrhythmic factor for the heart. These findings have important implications for SAN and atrial arrhythmogenesis, especially given the induction of AF by burst firing in several animal models (Diness et al. 2010 (Diness et al. , 2011 . Our results suggest that SK channel targeting could be used to modulate heart rate in certain pathological settings, including those characterized by Ca 2+ overload.
SK channels are expressed and are functional in mouse SAN cells
Using immunostaining and qPCR, we found that all three SK isoforms, SK1, SK2 and SK3, are expressed in mouse SAN at levels comparable to atrial tissue. The increased atrial SK3 expression we observed in the NCX KO mouse, which is characterized by atrial enlargement and fibrosis, is similar to what has been found in human and animal models of atrial remodelling (Mahida, 2014) , suggesting a correlation between SK3 expression and atrial abnormalities. We also observed that SK channels are localized on the plasma membrane in close proximity to 10) . B, plots of summary data for APD70 and APD90 shown in A. C, examples of electrically stimulated APs in NCX KO SAN cells, before (black) and after (gray) exposure to apamin (Apa), respectively (n = 7). D, plots of summary data for APD70 and APD90 shown in C. * P < 0.05 and * * P < 0.01 by paired t test.
α-actinin2, potentially allowing for spatial interaction, as shown in atrial cells (Lu et al. 2007) .
Patch clamp experiments confirmed the presence of a rectifying SK current in SAN cells, similar to what has been described in atrial, ventricular and AV node myocytes (Xu et al. 2003; Zhang et al. 2008 Zhang et al. , 2014 Li et al. 2009 ). The low conductance was probably maintained under patch clamp conditions by the combination of low free Ca 2+ after EGTA buffering (Yu et al. 2012) , and modulation of SK gate activity through the α-actinin2-mediated interplay with the LTCC isoform Ca v 1.3, as reported in HEK 293 cells (Lu et al. 2007) . While this SK voltage dependence is typical in WT cells at low steady-state Ca 2+ levels (Xu et al. 2003; Zhang et al. 2008 Zhang et al. , 2014 Li et al. 2009 ), conductance could significantly increase under high diastolic Ca 2+ , as shown by superfusing caffeine to raise Ca 2+ in atrial cells (Mu et al. 2014) or by raising internal Ca 2+ to 900 nmol l −1 in atrial cells (Yu et al. 2012) . Consistent with the Ca 2+ -dependent nature of SK channels, NCX KO cells exhibited larger I K,Ca than WT, probably caused by increased subsarcolemmal Ca 2+ in the absence of NCX-mediated Ca 2+ efflux (Pott et al. 2007b; Neco et al. 2012; Torrente et al. 2015) . Increased SK protein expression in KO SAN is also a possible explanation for the increased current. However, we think this is unlikely since our qPCR results did not show any increase in mRNA expression of SK isoforms in the NCX KO SAN.
SK inhibition slowed repolarization and increased APD in both WT and KO SAN cells. This reduction of SK current also slowed the spontaneous AP rate by producing MDP depolarization. The depolarized MDP probably causes reduced activation of funny current (I f ), as suggested in hESCs (Weisbrod et al. 2016) , and also impairs activation of nodal LTCC Ca v 1.3. Both these effects can impair the diastolic depolarization phase (DDP) (Mangoni & Nargeot, 2008) , as we observed here ( Fig. 8A  and E) . Notably, the increased APD90 in response to apamin indicates that SK channels influence the late repolarization of SAN cells despite the decrease of Ca 2+ toward basal levels.
We reported previously that NCX KO SAN cells lack spontaneous APs after isolation. There are several reasons for this but one of the most important is that the Ca . D, average rates of Ca 2+ transients in NCX KO (n = 7) before and after exposure to Apa. E, F and G, adaptation degree (% of cycle length increase between the first and last spike interval of each burst; n = 7), burst firing rate (average of the rate during every burst of each sample recording; n = 7) and quiescent time (s min -1 of quiescence during the recording; n = 6), in NCX KO SAN tissue before and after exposure to Apa. (See Methods for precise definition of the parameters.) * P < 0.05, * * P < 0.01 and * * * P < 0.001 by one-way ANOVA with Sidak's post-test and paired t test. (Groenke et al. 2013; Kapoor et al. 2015) . Thus, it is remarkable that the intact NCX KO SAN exhibits any spontaneous activity. Presumably, the multicellular environment of the intact SAN reinforces the activity of individual myocytes and allows for more successful spontaneous activity.
SK channels are specifically involved in normal and pro-arrhythmic SAN pacemaking
We recorded spontaneous SAN rate and Ca 2+ transients in the intact explanted SAN using high-speed 2D confocal microscopy, as we described previously (Torrente et al. 2015) . SK inhibition in the intact WT SAN tissue caused a slight but significant decrease in the frequency of spontaneous Ca 2+ transients, to an extent similar to what has been shown in rabbit ). The single cell mechanism of rate slowing described above, i.e. slowed AP repolarization and depolarized MDP, is probably responsible for the rate decrease observed in the intact explanted SAN.
The SAN rate slowing observed with SK block in WT stands in contrast to the intermittent pauses associated with SK activation in the atrial-specific NCX KO mouse. This mouse lacks P waves on ECG and exhibits bursts of non-propagating SAN depolarization alternating with pauses (Torrente et al. 2015) . The pauses generally follow a rapid rise of Ca 2+ during bursts, a consequence of impaired Ca 2+ extrusion imposed by knocking out NCX (Torrente et al. 2015) , the dominant cellular Ca 2+ efflux mechanism in cardiac cells (see bottom of the upper inset in Fig. 11C) . Just before the pauses we observed an increase of the inter-beat interval (see top of the upper inset in Fig. 11C ) suggesting 'spike adaptation' , a phenomenon generally related to the Ca 2+ -mediated modulation of L-type Ca 2+ channels (I Ca,L ) and SK currents in other excitable cell systems (Pace et al. 2007; Mrejeru et al. 2011; Vandael et al. 2012) . We demonstrated previously that we could reduce spike adaptation and regularize NCX KO SAN rate by buffering intracellular Ca 2+ with BAPTA-AM (Torrente et al. 2015) . A similar approach with BAPTA has been used to inhibit spike adaptation and prolong burst length in post-inspiratory cat neurons, an outcome that has been attributed to the decrease of Ca 2+ -activated K + currents (I K,Ca ) in this system (Pierrefiche et al. 1995) . Spike adaptation is well described in neurons and chromaffin cells (Grace & Bunney, 1984; Pierrefiche et al. 1995; Engel et al. 1999; Vandael et al. 2012; Torrente et al. 2015) . In neurons, experimental evidence and mathematical modelling show that a rise of intracellular Ca 2+ evoked by bursts of APs increases SK current, causing long-lasting hyperpolarization (Zhang et al. 2008) , gradual slowing of the firing rate and ultimately cessation of spontaneous activity until Ca Role of small conductance K + channels in sinus node activity 3861 et al. 1999) . This mechanism limits the generation of repetitive APs and protects neurons from the effects of continuous tetanic activity (Zhang et al. 2008) . SK inhibition by apamin can thwart this process, prolonging burst length and reducing pauses in both chromaffin cells (Vandael et al. 2012) and substantia nigra pars reticulata neurons (Ibáñez-Sandoval et al. 2007 ). Thus, it appears that modulation of SK channel activity by diastolic Ca 2+ is a common mechanism to 'put the brakes' on different excitable systems. Our results suggest that a similar mechanism occurs in the NCX KO SAN. Ca 2+ -induced hyperactivation of SK channels hyperpolarizes SAN cells, clamping them near the K + equilibrium potential and restraining further depolarization until Ca 2+ levels fall. To test this hypothesis, we applied apamin to the spontaneously beating NCX KO SAN. Inhibition of SK channels by apamin reduced the occurrence of pauses and led to a more regular overall beating pattern. These results indicate that SK channels are responsible for coupling diastolic Ca 2+ accumulation in the NCX KO SAN into long-lasting hyperpolarization, resulting in a gradual slowing of beating rate during bursts (spike adaptation) followed by prolonged pauses. Once Ca 2+ falls towards baseline, spontaneous pacing resumes. It is unlikely that atrial SK channel inhibition by apamin is responsible for the changes in the pacing regularity we observed in the SAN tissue, since conduction between the atrium and SAN is severely compromised by fibrosis and reduced Cx40 expression (Torrente et al. 2015) . The specificity of apamin for SK channels makes it highly unlikely that other K + channels are involved in the behaviour we have reported here. For example, blocking BK channels with paxilline slowed SAN rate in WT and NCX KO to a similar extent as apamin. Nevertheless, inhibition of BK channels in the NCX KO SAN had no effect on the burst pattern, suggesting that BK channels, unlike SK channels, do not translate abnormal changes in cellular Ca 2+ into SAN arrhythmias. Figure 13 . Effect of BK inhibition on SAN tissue pacemaker activity A, examples of spontaneous Ca 2+ transients in SAN tissues from WT. B, average rates of Ca 2+ transients in WT (n = 5), before and after exposure to paxilline (Pax). C, examples of spontaneous Ca 2+ transients in NCX KO whole SAN tissues. D, average rate of Ca 2+ transients in NCX KO (n = 6), before and after exposure to Pax. E, F and G, adaptation degree (% of cycle length increase between the first and last spike interval of each burst), burst firing rate (average of the rate during every burst of each sample recording) and quiescent time (s min -1 of quiescence during the recording) in NCX KO SAN tissue (n = 6), before and after exposure to Pax. (See Methods for precise definition of these parameters.) * P < 0.05 by one-way ANOVA with Sidak's post-test. J Physiol 595.12 anchors them to the plasma membrane (Masson-Pévet et al. 1979; Lu et al. 2007; Le Scouarnec et al. 2008) . We speculate that the same could be the case in SAN cells. This hypothesis is consistent with the preferential localization of SK channels along the Z-line, in close proximity to α-actinin2, as revealed by immunostaining (Figs 1, 4 and  6) . A similar localization has been demonstrated in SAN cells for membrane channels such as Ca v 1.3 (Christel et al. 2012) and structural proteins such as ankyrin-B (Le Scouarnec et al. 2008) . Although the sarcoplasmic structure of SAN cells is much less complex than atrial or ventricular myocytes (Masson-Pévet et al. 1979) , we hypothesize that along the Z-line the plasma membrane and the sarcoplasmic membrane are in close proximity, allowing interaction between proteins on both sides. This particular localization of SK channels could be very important for the generation of regular SAN automaticity. Indeed, while the crosstalk between Ca v 1.3 and the ryanodine receptor has been shown to be involved in the depolarization of SAN cells (Torrente et al. 2015) , Ca 2+ influx through Ca v 1.3 could also activate SK current, thereby helping to coordinate the repolarization of SAN cells with the preceding depolarization, and thus strengthening the regular nature of the pacemaker cycle.
Interactions of Ca
It has been argued that the Ca 2+ sensitivity of small conductance K + channels (SK1, SK2 and SK3) is lower than intermediate K + channels (SK4) and not likely to be affected by the physiological level of Ca 2+ in SAN cells (Weisbrod et al. 2016) . Although SK4 channels have been implicated in the pacemaker mechanism of hESCs (Weisbrod et al. 2016) , their presence in the SAN or in other excitable systems has not to our knowledge been demonstrated. Instead, we find that the Ca 2+ sensitivity of SK channels is well integrated into the baseline pacemaker machinery of normal SAN cells, in agreement with previous reports in chromaffin cells and neurons (Vandael et al. 2012; Guéguinou et al. 2014) .
Conclusions and implications
We have demonstrated for the first time the presence and function of SK channels in mouse SAN. While the current conducted by these channels is small, it is sufficient to modulate the repolarization phase of pacemaker APs and influence the subsequent diastolic depolarization phase in normal SAN cells. Furthermore, in a model of significant localized accumulation of cellular Ca 2+ , the atrial-specific NCX KO SAN, we demonstrated that SK activation leads to bursts of activity interrupted by pauses. Whereas in neurons and chromaffin cells these bursts and pauses regulate normal excitation and secretion, in the SAN, the high Ca 2+ sensitivity of SK channels could lead to arrhythmia when the normal balance between Ca 2+ influx and efflux is lost.
Burst firing of the SAN is commonly observed in diverse mouse models that feature abnormal diastolic Ca 2+ (Le Scouarnec et al. 2008; Neco et al. 2012; Glukhov et al. 2015; Torrente et al. 2015) . This suggests that abnormal Ca 2+ cycling can strongly affect SAN pacemaking through the hyperactivation of SK channels, consistent with evidence relating increased diastolic Ca 2+ to arrhythmias such as AF (Wakili et al. 2011) . Furthermore, since burst firing is an acknowledged mechanism for triggering onset of AF in several animal models (Diness et al. 2010 (Diness et al. , 2011 , spontaneous SAN burst firing in the setting of Ca 2+ overload could promote AF in patients.
Several animal studies have used SK modulation as an anti-arrhythmic therapy (Li et al. 2009; Diness et al. 2010 Diness et al. , 2011 Qi et al. 2014; Kirchhoff et al. 2016) . The possible mechanism of benefit has always been attributed to modulation of atrial or ventricular SK current. Here we show for the first time that the benefit of SK inhibition could involve regularization of abnormal SAN pacemaker activity caused by diastolic Ca 2+ accumulation. Thus, our results support the SK inhibition approach for treating SAN dysfunction, and possibly the eventual resulting AF.
